No neurological involvement has been detected in X-ALD mice up to 6 months. We conclude that X-ALD mice exhibit biochemical defects equivalent to those found in human X-ALD and thus provide an experimental system for testing therapeutic intervention.
X-linked adrenoleukodystrophy (X-ALD) is an X-linked disorder characterized by the accumulation of saturated very long chain fatty acids (VLCFAs) (1) due to an impaired capacity to degrade them. This results from reduced function of the peroxisomal very long chain fatty acyl-CoA synthetase (2, 3) that activates VLCFAs to their CoA derivatives to initiate their degradation. X-ALD affects mainly the nervous system white matter, adrenal cortex, and testis, but the disease phenotype is highly variable (4, 5) . The most frequent phenotypes include childhood cerebral X-ALD (6), adrenomyeloneuropathy (AMN) (7) , and adrenocortical insufficiency (Addison disease) without nervous system involvement. In childhood cerebral X-ALD, neurological development is normal until at least 4 years of age. The disease involves the cerebral white matter with inflammatory demyelination and rapid progression leading to a vegetative state and death within a few years. AMN, on the other hand, has onset in adulthood (mean age of onset ϭ 27.6 Ϯ 8.7 years old) and progresses slowly. It involves mainly the long tracts of the spinal cord and peripheral nerves, without early involvement of the brain and little or no inflammation. In some cases, adrenocortical insufficiency is the sole clinical finding without any detectable neurological involvement. In a small fraction of cases (about 3%), cerebral X-ALD has onset in adulthood. The various phenotypes frequently occur within the same kindred or nuclear family (8) , and identical mutations give rise to all X-ALD phenotypes (5, 9) .
In 1993, the X-ALD gene was identified by positional cloning (10) , and surprisingly appears to encode an ATP-binding cassette (ABC) transporter protein without homology to any acyl-CoA synthetase. Immunocytochemical studies (11) (12) (13) demonstrated that the X-ALD gene product (adrenoleukodystrophy protein; ALDP) is a peroxisomal membrane protein consistent with the observed biochemical abnormality in X-ALD patients. Mutational analyses of the X-ALD gene (9, (13) (14) (15) (16) (17) revealed the existence of mutations in all X-ALD patients examined, and complementation studies (18) showed that expression of ALDP restores ␤-oxidation of VLCFAs in patients' fibroblasts. While all evidence strongly supports the conclusion that the abnormality in ALDP results in X-ALD, its function is still unknown. Other members of the ABC transporter superfamily (19) have been reported to transport substrates that range from ions to peptides-i.e., cystic fibrosis transmembrane conductance regulator (CFTR) (20, 21) , multiple drug resistant protein (MDR) (22) , transporters associated with antigen processing (TAP1 and TAP2) (23), a yeast pheromone transporter (STE6) (24, 25) , and peroxisomal long chain fatty acid transporters (PXA1 and PXA2) (26) . This implies that the function of ALDP might involve the transport of either enzymes, cofactors, or substrates necessary for VLCFA ␤-oxidation across peroxisomal membranes (11, 27) . Based on sequence similarity, there is a small group of peroxisomal membrane proteins that belong to the ABC transporter protein family; these include PMP70 (28, 29) , PMP70 related protein (P70R; David Valle, personal communication), and X-ALD related protein (ALDR) (30) . Their possible interrelationships and functions are unknown. Thus, the role of ALDP in VLFCA ␤-oxidation, its relation to very long chain fatty acyl-CoA synthetase and the accumulation of saturated VLCFAs, the role of saturated VLCFAs in dysmyelination͞demyelination of the nervous system, as well as the phenotypic variability in X-ALD patients are unresolved. Existing therapeutic methods, including dietary therapy (Lorenzo's oil) (31, 32) and bone marrow transplantation (33), have had limited success, and gene therapy has been proposed. An animal model will facilitate understanding of the pathophysiology of X-ALD, help elucidate its genetic and phenotypic complexity, and contribute to the evaluation of therapeutic strategies. We have used gene targeting to create an X-ALD mouse model. library (Stratagene) with mouse X-ALD cDNA (34) . To obtain full-length mouse X-ALD cDNA, total RNA was prepared from mouse strain 129͞Sv fibroblasts and cDNA was generated by reverse transcriptase using random hexamer primers. The firststrand cDNA was amplified by PCR using the following primers: forward primer (5Ј-TTCAAGGTTTCCAGTTGCCTAGAC-3Ј) and reverse primer (5Ј-TAAAAGACACACTGCCCTGAA-CAG-3Ј) from the 5Ј and 3Ј untranslated region of the mouse X-ALD mRNA, respectively. The PCR product was cloned into pCRII vector (Invitrogen). The resulting construct, containing full-length mouse X-ALD cDNA, was then in vitro transcribed by T7 RNA polymerase (Ambion, Austin, TX) in the presence of [␣-32 p]UTP (Amersham) and used as a probe. A phage clone (4-1) with a 13-kb insert containing exons 1-4 of the mouse X-ALD gene (35) was isolated. Fluorescence in situ hybridization was performed to confirm its location on the X chromosome (data not shown). A silent mutation was introduced by sitedirected mutagenesis to create an XhoI restriction site in exon 2 (at codon 322). A 6.2-kb HindIII fragment containing the mutated exon 2 (181 nt) of mouse X-ALD gene was isolated from 4-1 and subcloned into pUC18 vector. A replacement-type targeting vector (36) was constructed by insertion of a neomycin resistant (neo r ) cassette (37) from pMC1neo poly(A) (Stratagene) into the created XhoI site. This insertional disruption of exon 2 causes a frameshift in the mouse X-ALD gene and results in the premature termination of mouse ALDP (77 codons downstream of the created XhoI site). A thymidine kinase (tk) gene cassette (38) was also incorporated outside of the X-ALD homology region of the targeting vector to allow negative selection by gancyclovir (38-41) against nonhomologous gene targeting events. The final targeting construct (in pBluescript) has a 3-kb 5Ј genomic flanking sequence and a 3.2-kb 3Ј genomic flanking sequence, with a 1.1-kb neo r cassette (in the same orientation as mouse X-ALD gene) in exon 2 and a 1.85-kb tk gene cassette (reverse orientation as mouse X-ALD gene) 3Ј to X-ALD sequence (Fig. 1A) .
Gene Targeting. Linearized targeting vector was introduced by electroporation into passage 10 J1 ES cells (42) grown on irradiated G418-resistant primary embryonic fibroblast feeder layers (43, 44) . Simultaneous G418 (250 g͞ml) and gancyclovir (2 M) selection was applied and lasted for 10 days after electroporation. Drug-resistant clones were analyzed by Southern blot analysis. An external probe (Fig. 1 A) , from exon 1 of the mouse X-ALD gene, was used to screen for homologous recombination events. After digesting mouse genomic DNA with XbaI, this probe distinguished an 8.1-kb targeted allele from a 7-kb nontargeted allele (Fig. 1B) . All targeted clones identified by Southern blot analysis were confirmed using PCR analysis to demonstrate the presence of the disrupted X-ALD allele (X-ALD Ϫ ). As shown in Fig. 1C , X-ALD external primers a (forward primer, 5Ј-ATGTGGTAGCCTTTGCTG-3Ј) and f (reverse primer, 5Ј-GTATTCACCACCACATCTG-3Ј) were combined either with neo r cassette-specific primers e (forward primer, 5Ј-CATTGGCGAATTCGAACAC-3Ј) and b (reverse primer, 5Ј-CCTCAGAAGAACTCGTCAAG-3Ј), giving rise to a 4-kb fragment from targeted ES cells and no product from nontargeted ES cells; or with internal primers d (forward primer, 5Ј-CAAGACCTAGCTTCACAGATCAACC-3Ј) and c (reverse primer, 5Ј-TAGTCCCTGGAGCCTTG-3Ј), resulting in a 4-kb PCR product from targeted ES cells or a 3-kb fragment from nontargeted ES cells. A neo r cassette probe was also used to demonstrate that only single copy integration occurred in the targeted ES cells (data not shown). Production of Chimeras. The targeted ES cells were injected into blastocysts derived from C57BL͞6, and the injected blastocysts were transferred into pseudo-pregnant CD-1 female mice to generate chimeras as described (42) .
Biochemical Measurements. Plasma and tissues were harvested from 3-month-old mice and used for fatty acid analyses. Human and mouse skin fibroblasts from normal and X-ALD individuals were derived and cultured in vitro. Human X-ALD postmortem tissues were derived from patients ranging in age from 6 to 50 years old and were processed as described (45, 46) . Total lipids in plasma, tissue, fibroblast, and mouse chow were extracted, fractionated, purified by TLC, and subjected to capillary GC analysis as described (47) . Fatty acid ␤-oxidation activity of cultured fibroblasts was determined by measuring their capability to degrade 14 C-labeled fatty acid substrates (48) . The statistical significance of the measured biochemical differences between normal and X-ALD subjects was determined by onesided Student's t test.
Histological Analyses. Brain and adrenal glands were harvested from 3-month-old X-ALD mice and their normal sibs. Adrenal glands were fixed in 4% glutaraldehyde, postfixed in osmium tetroxide, and embedded in epoxy resin. The embedded tissues were thin sectioned and stained with uranyl acetate-lead citrate and examined under the electron microscope (49, 50) . Brain specimens were fixed in 4% paraformaldehyde; coronal brain sections from cerebrum, cerebellum, and brainstem were embedded in paraffin wax and sectioned at 6 micra. Slides were stained with hematoxylin-eosin, Luxol fast blue, and periodic acid-Schiff base, and examined under the light microscope. Other sections of cerebral white matter were postfixed in osmium tetroxide, dehydrated, and embedded in epoxy resin. Then sections were stained with uranyl acetate-lead citrate and examined in an electron microscope (49, 50) .
RESULTS
Targeted Disruption of Mouse X-ALD Gene. The targeting construct used to disrupt the mouse X-ALD gene is shown in Fig.  1 . Among 200 G418 and gancyclovir-resistant ES cell clones screened by Southern blot and PCR analyses ( Fig. 1 B and C) , six (3%) independent ES cell clones were targeted correctly. Four targeted ES cell clones were injected into blastocysts of C57BL͞6 mice and nine chimeras (seven male, two female) were derived, as judged by coat color. Three male chimeras, from two independently targeted ES cell clones, were crossed to C57BL͞6 and transmitted the X-ALD Ϫ allele to their progeny giving rise to heterozygous female carrier mice. These carrier females were Measured values represent means Ϯ SD for fatty acids with the indicated carbon chain length (C22, -24, -26). %, Percentage of total fatty acids. n, Total sample number measured. The differences of C24:0 %, C26:0 % and C26:0͞C22:0 values between normal and X-ALD are significant (P Ͻ 0.005) in human plasma. Data of human plasma VLCFAs adapted from Moser et al (51) . then mated to either 129͞Sv or C57BL͞6 males to generate X-ALD Ϫ/o hemizygous male mice. A normal progeny sex ratio ((͞& ϭ 110:102) was observed, indicating that X-ALD Ϫ/o hemizygotes are not embryonic lethals. As seen in Fig. 2 , the X-ALD Ϫ allele segregates with an X-linked inheritance pattern. Among 110 male offspring genotyped, 54 are X-ALD Ϫ/o hemizygotes, and 23 of 35 female offspring genotyped are X-ALD Ϫ/ϩ heterozygous carriers. X-ALD Ϫ/o hemizygous male mice were backcrossed to X-ALD Ϫ/ϩ heterozygous females to produce X-ALD Ϫ/Ϫ homozygous carriers. Both hemizygotes and homozygotes are normal in physical appearance and activity at birth and up to 6 months of age. Their fertility is also normal.
Accumulation of VLCFAs in X-ALD Mice. In humans, the diagnosis of X-ALD is usually made by measuring VLCFA levels in plasma (51) . In X-ALD mice, surprisingly, there is no detectable elevation of C24:0 or C26:0 (saturated fatty acids with indicated carbon chain length) in plasma (see Table 1 ). Based on the ratio of C26:0͞C22:0, the index commonly used for X-ALD diagnosis (4, 5) , there is virtually no difference between normal and X-ALD mice. Because VLCFAs accumulate in tissues of X-ALD patients (1), we measured total VLCFAs in various tissues from X-ALD mice, including brain, adrenal gland, heart, liver, and kidney. As shown in Table 2 , the levels of saturated VLCFAs are elevated in all tissues measured in X-ALD mice but the extent of accumulation is variable from tissue to tissue. There is a 5-fold increase of C26:0 level in brain (P Ͻ 0.005). In all other tissues, C26:0 levels increases range from 2-to 4-fold (P Ͻ 0.025). For comparison, VLCFA levels in various human tissues are also shown in Table 2 . In the brain of X-ALD patients, a 2-fold increase in C26:0 level is observed in mildly involved regions (P Ͻ 0.005), whereas in demyelinated regions a 7-fold increase is seen (P Ͻ 0.005). In addition, a 7-fold elevation is observed in the liver of X-ALD patients (P Ͻ 0.005).
We also measured VLCFA content in cholesterol esters. The only significant C26:0 elevation is found in the adrenal glands of X-ALD mice, where the C26:0 level is 10-fold higher than in normal mice (P Ͻ 0.005; Table 3 ). However, significantly elevated levels of C26:0 can be observed from all tissues measured in human X-ALD (P Ͻ 0.025; Table 3 ). All these observations support the conclusion that X-ALD mice have biochemical defects that resemble to those found in hunam X-ALD (4, 5) but to a milder degree.
␤-oxidation and VLCFAs in X-ALD Human and Mouse Fibroblasts. To determine the capability of VLCFA ␤-oxidation in X-ALD mice relative to human X-ALD patients, skin fibroblasts were derived from X-ALD mice and normal mice as well as from X-ALD and normal humans. Fibroblast VLCFA ␤-oxidation activity (48) and total VLCFAs (47) were measured. VLCFA ␤-oxidation in X-ALD mouse fibroblasts is reduced by 60% (P Ͻ 0.005) compared with normal mouse fibroblasts (based on C24:0-specific activity) whereas in humans the reduction ranges from 80% (P Ͻ 0.005; Table 4 ) to 60% (52) . There is a 5-fold increase of C26:0 level in total VLCFAs of X-ALD mouse fibroblasts (P Ͻ 0.025), which is comparable to the result found in patients (53) ( Table 5) .
Histological Findings in X-ALD Mice. Histological studies were performed on the brains and adrenal glands of 3-month-old X-ALD mice and their normal sibs. Brain samples and adrenal glands were subjected to standard histological examination and electron microscopy, respectively. No light microscopic abnormalities were noted in either sample. Under the electron microscope, adrenocortical cells from normal mice contain abundant mitochondria, scant smooth endoplasmic reticulum, glycogen, and occasional lipofuscin as expected (Fig. 3A) . However, in X-ALD mice, clear lipid clefts (indicated by arrows in Fig. 3B) were found in the adrenocortical cells. These lipid clefts were Measured values represent means Ϯ SD. %, Percentage of total fatty acids. n, total sample number measured. The differences of C26:0 % values between normal and X-ALD are significant (P Ͻ 0.025) in adrenal gland from mouse and brain, adrenal gland and liver from human. *Brain samples collected from mildly involved regions from X-ALD patients. † Brain samples collected from severely demyelinated regions from X-ALD patients. Values reported are mean specific activity (S.A.) Ϯ SD. n, Total sample number measured. The differences of C24 S.A. and C24͞C16 ratio values between normal and X-ALD are significant (P Ͻ 0.005) in both mouse and human fibroblasts. admixed with spicular lamellar material, best seen at high magnification (Fig. 3C) . Similar ultrastructural findings have been observed in the adrenal cortex of X-ALD patients. No notable medullary changes were found in adrenal glands of X-ALD mice. No histological abnormalities were observed in the cerebral cortex, cerebellum, or brainstem. Preliminary ultrastructural examination of white matter was unremarkable.
VLCFA Analysis of Mouse Chow. It has been shown that part of the C26:0 accumulation in the brains and plasma of X-ALD patients is of dietary origin (54) . As a result, the restriction of saturated VLCFA intake is part of current dietary therapy (Lorenzo's oil) (31, 32) for X-ALD. To estimate the VLCFA intake of X-ALD mice, we determined the VLCFA content of the mouse chow regularly used as feed for the mice used in this study. We found that the abundance of saturated VLCFAs in mouse chow is relatively low (C22:0, 0.27%; C24:0, 0.20%; C26:0, 0.05%) and the amount of mono-unsaturated fatty acids is high (C18:19, 26.15%; C20:19, 0.46%). It has been shown that mono-unsaturated fatty acids (C18:19 and C22:19), components of Lorenzo's oil, help normalize VLCFA levels in human X-ALD. Thus, it is possible that exposure to high levels of saturated VLCFAs and low levels of mono-unsaturated VLCFAs could induce the onset of neurological symptoms in X-ALD mice.
DISCUSSION
Biochemically, the X-ALD mouse represents a valid animal model for X-ALD. Most importantly, X-ALD in both mouse and human result in elevated tissue levels of saturated VLCFAs, with the most severe abnormalities localized to the brain and adrenal gland. Ultrastructural lamellar-lipid cleft inclusions in adrenocortical cells are present. Cultured fibroblasts from X-ALD mice show an impairment of VLCFA ␤-oxidation as do fibroblasts from X-ALD patients. In X-ALD mice, however, the biochemical changes are less severe than in the human disease. For example, human X-ALD has a 5-fold increase of C26:0 level in plasma whereas X-ALD mice do not show any significant elevation (Table 1) , and the degree of accumulation of VLCFAs in brain and adrenal is less than that in the human disease (see Tables 2  and 3 ). Several factors could account for this. (i) The mice may develop more dramatic changes as they get older. (ii) The commonly used mouse chow contains only low amounts of saturated VLCFAs but is rich in mono-unsaturated fatty acids, some of which are known to inhibit saturated VLCFA elongation in human (55) . Thus, the X-ALD mice may have been protected from dietary stress. (iii) Partial function redundancy of ALDP in mice may be provided by other peroxisomal ABC transporter proteins, such as ALDR, PMP70, and P70R. (iv) VLCFA metabolism may be influenced by other genes and thus vary in different inbred strains of mice.
At this time, the oldest X-ALD mice are 6 months old and have not shown overt evidence of adrenal insufficiency or nervous system dysfunction. It is still too early to conclude that X-ALD mice will not have neurological involvement equivalent to that seen in human X-ALD. About 50% of human X-ALD hemizygotes remain neurologically uninvolved through adolescence and 3% of human X-ALD commence cerebral involvement in adulthood (4, 5) . Powers et al. (50) have demonstrated adrenal inclusions similar to those found in X-ALD mice in X-ALD carriers with normal adrenal function. As a result, the elevation of VLCFAs in cholesterol esters from adrenal glands and the histological findings in X-ALD mice could be the prelude to adrenal insufficiency. The abnormal pattern of VLCFAs in the brains of X-ALD mice is consistent with what is observed in histologically intact brain regions in X-ALD patients. In these regions, unlike the demyelinated areas of brain, the cholesterol ester fraction is normal in respect to total amount and fatty acid composition (45) . Thus, it is possible that neurological involvement will appear with time.
In human X-ALD, the degree of VLCFA abnormality, as measured in plasma and fibroblasts, does not correlate with disease severity or age of onset. However, the relative levels of VLCFA in the affected tissues, brain and adrenal gland, at the time of disease onset are unknown. Thus, the lack of adrenal insufficiency and early brain involvement could be related to the VLCFA levels in these tissues in the X-ALD mice. The presence of the biochemical and histological ''substratum'' for the disease in the X-ALD mouse provides the opportunity to define the pathogenetic mechanisms of the diverse phenotypes of human X-ALD. First, as already noted, the dietary chow commonly supplied to rodents bears some resemblance to the Lorenzo's oil therapy that is known to normalize the biochemical abnormality in the human disease (31, 32) , and thus may have ameliorated the disease process in the mouse mutant. The VLCFAs accumulated in the brain of X-ALD patients has been shown to derive from the diet, at least in part (54) . When normal individuals or women heterozygous for X-ALD consumed peanut oil containing 200 mg of C26:0, plasma C26:0 levels increased by a factor of 20 and remained elevated for 12 h in controls and at least 24 h in heterozygotes (A.B.M., unpublished observation). Studies to determine whether dietary stress will accentuate the disease abnormality are now in progress. Second, it has been proposed that a modifier gene contributes to the phenotypic variation found in X-ALD (56) (57) (58) . Differences in genetic background have been shown to affect the severity of phenotypic presentation of cystic fibrosis in a mouse model leading to the identification of a possible modifier gene (59) . Based on the measurable biochemical defect and normal fertility of the X-ALD mouse, crossing X-ALD mice to mice with different genetic backgrounds will provide an excellent opportunity to explore the possible existence of a potential modifier gene. Because the cerebral demyelination in X-ALD is associated with perivascular inflammation, it will be of particular interest to utilize mouse strains that vary in immune competence. For example, different strains of mice vary in their susceptibility to experimental autoimmune encephalomyelitis in response to specific antigenic stimulation (60) . Third, there are a number of peroxisomal ABC transporter proteins with significant sequence similarity to ALDP. While the functions of these proteins are unknown, they could potentially provide partial redundancy for the function of ALDP and contribute to the milder biochemical defect found in X-ALD mice. Selective 
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Medical Sciences: Lu et al. Proc. Natl. Acad. Sci. USA 94 (1997) knockouts of these ABC transporter proteins, by targeted homologous recombination or antisense strategies, in X-ALD mice will allow determination of their relation to ALDP and possible role in VLCFA ␤-oxidation. Therapies for X-ALD being evaluated in human patients include dietary management, bone marrow transplantation, and anti-inflammatory agents. The evaluation of dietary management is hampered by the fact that a randomized study design was not feasible for ethical reasons (32, 61) ; now, nearly 10 years after initiation, it is still uncertain whether this intervention is effective. In addition, the saturated VLCFA accumulation in brain persists after its level has been normalized in plasma by Lorenzo's oil (46, 62) , possibly due to the failure of glyceryl trierucate, the active ingredient of Lorenzo's oil, to cross the blood-brain barrier. Bone marrow transplantation appears promising under carefully defined conditions (33) , but the procedure carriers a high risk and evaluation is complicated by the great variability of the natural history of X-ALD. Whereas cerebral demyelination in X-ALD is accompanied by a marked inflammatory reaction (63) , the nature of the inflammatory response and its role in demyelination is unclear (64) (65) (66) and immunosuppressive approaches that have been used so far have not been successful (67) . It is expected that these and other therapeutic approaches, including gene therapy, can be tested rapidly in the animal model where effects on target tissues can be serially measured and then be used to enhance the effectiveness of therapy of the human disease.
Note Added in Proof. While this manuscript was under review, similar results from an independently derived ALD mouse were published (68).
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